Introduction
Liquid biopsies have been proposed as an alternative to conventional approaches (e.g., magnetic resonance imaging or solid biopsies) for the disease management of cancer patients. In this non-invasive approach, a blood sample (7.5 ml) is analyzed for the presence and amount of circulating tumor cells (CTCs), tumor-derived EVs (tdEVs), cell free DNA (cf-DNA), miRNA and/or tumor-associated proteins or peptides. 1, 2 CTCs are well suited to characterize a tumor and to evaluate the heterogeneity for subsequent selection of the optimal treatment. 3 The concentration of CTCs is however extremely low (∼1 CTC ml −1 ), especially when compared with that of blood cells (∼10 9 ml −1 ). 4 In contrast, tdEVs are much more abundant with concentrations up to 10 10 tdEVs ml −1 . 5 Importantly, the presence and amount of tdEVs in blood has been proven to strongly correlate with the survival of patients with metastatic prostate cancer. 6 EVs are membrane-bound biological carriers of biomolecules, which are shed by all cell types. They are found in all body fluids, 7 and exhibit a size ranging from 30 nm to 1 μm. 8, 9 EVs are of great interest because of their implication in intercellular communication and pathogenesis; 7,10,11 they show great promises not only for disease diagnosis but also for drug delivery. 4, [11] [12] [13] Altogether, EV analysis offers a promising approach for non-invasive cancer patient management as a result of the wealth of biological information they carry, some of which being potential biomarkers. 14 However, blood is a highly complex fluid 15 that contains lipoproteins, cell debris and protein aggregates, as well as EVs of non-cancerous origin, which are all in the same size and density range as tdEVs, and the same applies for less complex samples originating from cell culture media. In all these cases, tdEVs need to be selectively isolated and/or distinguished from EVs of non-cancerous origin and other small objects. 16, 17 Several methods have been proposed for EV isolation, among which ultracentrifugation and size-exclusion chromatography are the most popular. 8, 16, [18] [19] [20] However, these isolation approaches yield highly heterogeneous samples containing tdEVs, other EVs, cell debris and molecular aggregates. Therefore, alternative approaches have been introduced that rely on the immuno-capture of targeted EVs, using either generic membrane markers (e.g., CD9, CD63 and CD81) to retrieve all exosomes/EVs from a sample, 21, 22 or specific membrane markers (e.g., EpCAM, 6 EGFR, 12 HER2 23 ) to selectively isolate tdEVs. Microfluidic technology has proven to be instrumental for the immunocapture of EVs by controlling the surface dynamics (e.g., controlling flow rate when washing non-specifically bound species), and drastically reducing the distances over which EVs have to migrate before coming in contact with the functionalized surface. In addition, microfluidics facilitates controlled and sequential handling of (very small amounts of) samples. 8, 24 A second main challenge is the high heterogeneity found in any purified EV sample, in terms of size and from a molecular perspective. Therefore, EVs must be thoroughly characterized for their possible and reliable recognition in heterogeneous samples. For that purpose, it is important to study individual EVs and not populations to avoid that ensemble averaging obscures differences. EVs have been analyzed using a great variety of techniques [25] [26] [27] [28] such as flow cytometry, [29] [30] [31] confocal and non-confocal (fluorescence) microscopy, 22, 32 scanning electron microscopy (SEM), 33 atomic force microscopy (AFM), 34 Raman spectroscopy, 35 surface plasmon resonance (SPR), 36, 37 mass spectrometry (MS) 38 and micro nuclear magnetic resonance (μNMR). 39 However, not all techniques allow the collection of information at the single EV level. Furthermore, to get comprehensive information on heterogeneous samples, different techniques yielding complementary information must be combined. In that context, Raman spectroscopy, SEM and AFM are of great interest. Raman spectroscopy provides chemical information on a sam-ple of interest in a label-free manner. 40, 41 SEM enables characterization of the size and morphology of intact EVs. 42, 43 Correlating this size and morphology information with Raman fingerprints confirms the cellular origin of individual EVs, and, in previous work, we have demonstrated that using this combination cancer cells could be distinguished from non-cancer cells. 44, 45 Finally, AFM yields more detailed information on the size and morphology of EVs, and possibly, on their mechanical properties. 30, 46 In this paper, we report the specific isolation of tdEVs obtained from a human prostate cancer cell line (LNCaP) on functionalized stainless-steel substrates followed by their in situ multi-modal characterization with SEM, Raman and AFM imaging ( Fig. 1 ). Stainless steel substrates were selected for their suitability for all considered modalities: this material gives little background in Raman (see ESI 1 †); 44, 45 it is conductive; and mirror-polished stainless steel substrates have a low surface roughness level of ca. 7 nm, which is well-suited for the analysis of EVs by AFM. Here, and as depicted in Fig. 2 , stainless steel substrates were first functionalized with a monolayer of carboxydecyl phosphonic acid (CDPA), [47] [48] [49] onto which antibodies targeting tdEVs were covalently anchored through carbodiimide-based bioconjugation chemistry. 50 The resulting monolayers were characterized with X-ray photoelectron spectroscopy (XPS) and infrared reflection-absorption spectroscopy (IRRAS), to optimize their formation with respect to the initial CDPA concentration. Next, LNCaPderived EVs were injected in a microfluidic channel assembled onto the functionalized stainless steel substrate, for their capture, which was confirmed using individual imaging techniques. For their multi-modal analysis, and to easily track individual EVs in the different instruments, navigation markers were fabricated on the functionalized substrates next to a region of interest (ROI). Finally, the captured EVs were successively analyzed by Raman imaging, SEM, and AFM, and data acquired by the different techniques correlated. The trans-instrumental compatibility of the stainless steel substrate and the tracking possibility offered by the navigation markers give the opportunity to apply a wide spectrum of combinations of different analytical and imaging techniques.
Experimental
Materials 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), acetone (VLSI grade), paraformaldehyde (PFA), phosphate-buffered saline (PBS), and 2-(Nmorpholino)ethanesulfonic acid were purchased from Merck (Zwijndrecht, The Netherlands). Ethanol (VLSI grade) and dichloromethane were purchased from VWR (Amsterdam, The Netherlands). Carboxydecyl phosphonic acid (CDPA) was purchased from Sikémia (Montpellier, France). Sylgard 184 polyĲdimethylsiloxane) (PDMS) was purchased from Farnell (Utrecht, The Netherlands). SS316L Stainless steel foils (0.9 mm thickness, one side mirror polished) were purchased from Goodfellow Inc. (Bad Nauheim, Germany). Anti-EpCAM antibodies were produced at the University of Twente, The Netherlands (Medical Cell BioPhysics Laboratory) from VU1D9 hybridoma cells.
PDMS handling devices
Three different PDMS devices (a 6 mm diameter reservoir, a xurography channel and a navigation marker device) were used for different steps of the sample preparation, as depicted in Fig. 3 . For all devices, PDMS was prepared and cured according to the same procedure. PDMS precursor and cross linker (10 : 1 weight ratio) were first thoroughly mixed, and subsequently degassed by centrifugation at 1000 × g for 1 min. The resulting mixture was poured on different molds for the different devices, and degassed again in a desiccator for 15 min. Curing was performed at 80°C overnight.
PDMS reservoir. A large 6 mm diameter PDMS reservoir was used for the antibody immobilization onto CDPAfunctionalized stainless steel substrates. To this end, a 5 mm height PDMS layer was prepared in a Petri dish. This PDMS layer was cut in 1 × 1 cm 2 pieces, in which a hole was punched with a Harris Uni-Core 6 mm biopsy punch (VWR International B.V., Amsterdam, The Netherlands).
Xurography channel. To capture EVs and their subsequent washing and fixation, a xurography microchannel was used. The mold for this device was produced using a desktop plotter (Silhouette Cameo 2, Silhouette, Wateringen), as follows. First, a 6 mm × 3 mm feature was cut out of a foil laminated with a 200 μm thick adhesive layer, and subsequently placed at the bottom of a clean Petri dish. The foil was removed to only leave the adhesive layer. After PDMS curing in this mold, inlets and outlets were punched using a 1 mm diameter Harris Uni-Core biopsy punch. The resulting device was placed on top of a stainless steel substrate after removal of the previously used PDMS reservoir. Fig. 1 Multi-modal analysis of tdEVs on antibody-functionalized stainless steel substrates. After their selective capture on a stainless steel substrate functionalized with antibodies of interest (here anti-EpCAM antibodies targeting tdEVs), EVs are successively imaged using Raman spectroscopy, SEM and AFM, and information collected from these different imaging modalities correlated to get a comprehensive picture on the captured objects. Navigation marker device. For the multi-modal analysis, and after dehydration of the captured EVs (see section "Vesicle capture and dehydration"), navigation markers were fabricated on the stainless steel substrates for easy tracking of the captured EVs, using a microfluidic device comprising 3 microchannels: two microchannels featuring navigation markers ( Fig. 3 ) and flanking one sample channel. All channels were 30 μm height × 50 μm width × 1 mm length. The distance between the navigation markers and the sample region (80 μm, center-to-center) was chosen to be compatible with the characteristic dimension of the field of view of the bright-field optical objectives in all instruments used in this work (i.e., ∼200 μm for the Raman system, 500 μm for the AFM instrument and freely variable in the SEM, see ESI 2 †).
The design of this microfluidic device was drawn in CleWin (WieWeb, Hengelo, The Netherlands), and the mold fabricated in the Nanolab cleanroom of the MESA+ Institute for Nanotechnology. Briefly, a <100> Si wafer was spincoated with AZ-40XT resist (Microchemicals, Ulm, Germany) at 3000 RPM for 1 min to yield a 30 μm thick layer. The photoresist was exposed, baked and developed according to the manufacturer's specifications. After PDMS casting on the finished mold, fluidic accesses were punched using a 1 mm diameter Harris Uni-Core biopsy punch. The PDMS device was placed on top of a functionalized stainless steel substrate after EV capture and dehydration. No specific care was required for alignment of the device, since the width of the sample region is much smaller than that of the xurography channel. Cyanoacrylate superglue (Tesa SE, Norderstedt, Germany) was injected in the side channels and cured for 30 min to create the navigation markers. After PDMS delamination, the designed micro-features were transferred to the stainless steel surface with high fidelity (Fig. 3 , bottom left).
CDPA monolayer formation and characterization on stainless steel substrates CDPA monolayer formation. Stainless steel substrates were laser-cut into 1 cm × 1 cm substrates and cleaned in an ultrasonic bath in ethanol, acetone and dichloromethane (7 min for each solvent), followed by an oxygen plasma treatment for 3 min in a Diener Pico (Diener electronic, Bielefeld, Germany) at 250 W. Immediately after plasma treatment, the substrates were transferred to a solution of CDPA in ethanol for overnight incubation at 60°C to form a CDPA monolayer ( Fig. 2a ). Three CDPA concentrations were initially tested (0.1, 1 and 10 mM) to identify the optimal concentration. The resulting CDPA monolayer was subsequently cured in a vacuum oven at 130°C for 1 h and finally washed in an ultrasonic bath in ethanol, acetone and dichloromethane (7 min for each solvent).
Infrared reflection/absorption spectroscopy (IRRAS). IRRAS measurements were performed on a Bruker Tensor 27 using a Harrick Auto Seagull™ (Bruker Nederland B.V.). 2000 scans per measurement were recorded under an angle of incidence of 83°using a liquid nitrogen-cooled MCT (mercurycadmium-telluride) detector. Measurements were taken in triplicates after 35 min of purging with argon to remove moisture and carbon dioxide. Data were averaged and normalized with respect to a reference (O 2 plasma-cleaned stainless steel) to yield relative absorption values.
X-ray photoelectron spectroscopy (XPS). XPS measurements were conducted on a JPS-9200 (JEOL, Japan) under ultra-high vacuum conditions with analyser pass energy of 10 eV using monochromatic Al Kα X-ray radiation at 12 kV and 20 mA at an angle of incidence of 80°. Wide scans (0-800 eV) were recorded as well as narrow scans in the 280-300 eV region to more closely inspect the carbon binding energies.
Antibody conjugation onto the CDPA monolayer
Anti-EpCAM antibodies were conjugated onto the CDPA monolayer using EDC/NHS chemistry at room temperature (Fig. 2b ). In the PDMS reservoir, a solution of 40 mM NHS, 130 mM EDC and 50 mM 2-(N-morpholino)ethanesulfonic acid in Milli-Q (pH 5) was pipetted and left to react with the CDPA monolayer for 30 min. The substrate was subsequently rinsed with 50 μl of a 5 mM acetic acid solution in Milli-Q to stop the reaction, followed by 100 μl PBS. Next, the antibody solution at 20 μg ml −1 in PBS was pipetted in the reservoir and incubated with the surface for 1 h, followed by extensive washing with PBS to remove unreacted chemicals. Finally, unreacted NHS ester groups were 
Vesicle capture and dehydration
EVs were isolated from culture medium (see ESI 3 † for the isolation protocol) of the human prostate cancer cell line LNCaP, which is known to express epithelial cell adhesion molecules (EpCAM). To avoid any EV contamination from the serum added to the culture medium, the LNCaP cells were cultured in serum-free medium for 48 h before their isolation. Nanoparticle tracking analysis (NTA) 51 of those isolated EVs revealed a concentration of 1.06 × 10 9 EVs ml −1 (see ESI 4 †). 25 μl of this EV-containing suspension was introduced into the xurography channel (channel volume: 3.6 μl) using a capillary pipette tip acting as an inlet reservoir, and left under static incubation for 1 h at room temperature. Channels were subsequently washed with 200 μl of PBS at a flow-rate of 400 μl min −1 using a syringe-pump connected to the outlet reservoir and operated in withdrawal mode (Fig. 2d ). Captured EVs were next fixed in the channel with a 1% PFA solution in PBS. After fixation of the EVs, the PDMS device was removed, the sample rinsed in Milli-Q, dehydrated by immersion in a solution of 70% ethanol in Milli-Q (5 min) followed by immersion in pure ethanol (5 min), and finally dried overnight under ambient conditions. Various negative control experiments were conducted in this study, as summarized in Table ESI 1 Multi-modal analysis of the captured EVs on anti-EpCAMconjugated stainless steel substrates SEM measurements. SEM imaging was performed using a JEOL JSM-6610LA Analytical SEM (JEOL, Nieuw-Vennep, The Netherlands). The SEM was operated in high-vacuum mode, and images were recorded with secondary electron (SE) detection with a low acceleration voltage of 2 kV to avoid sample charging in the absence of conductive coatings.
Raman measurements. Hyperspectral Raman microspectroscopy was performed by 2D point scanning of a laser beam (λ = 647.09 nm) from a Coherent Innova 70C laser. The Raman scattered light was dispersed in a spectrometer and collected with a CCD sensor (Andor Newton DU-970-BV). The wavenumber interval per pixel is ∼2.3 cm −1 on average over the length of the sensor. The laser power was measured underneath the objective (40×, NA: 0.95) and adjusted to 10 mW. The laser focal spot (d ∼ 0.39 μm, h ∼ 1.2 μm) was focused on the substrate and a 30 μm × 30 μm ROI was scanned with a step size of 0.47 μm and an illumination time of 250 ms per pixel. Using MATLAB 2017b (Mathworks, Eindhoven, The Netherlands), after wavenumber and intensity calibration, the data were pre-treated by cosmic ray removal and noise reduction by singular value decomposition, maintaining five singular components. Raman spectra were acquired across the entire wavenumber range (0-3660 cm −1 ). Multivariate analysis by means of principal component analysis (PCA) was performed in the high frequency spectral region between 2700 to 3200 cm −1 . PCA was used to extract the most relevant information from the data matrix and to represent it as a linear combination of orthogonal principal components (PC or loadings) with coefficients (scores) for the contribution of the variance to the data. 52 For each loading, a single score value was assigned to each measured pixel in the ROI and a Raman image reconstructed based on the scores. A high score value for a certain loading means a high contribution of that loading to the corresponding pixel.
AFM measurements. AFM measurements were performed on an Asylum MFP-3D instrument (Asylum Research, Santa Barbara, USA) in AC air topography mode (i.e., tapping mode) with a scan rate of 0.1 Hz and a set point of 400 mV. An Olympus micro cantilever with a nominal spring constant of 2 N m −1 was used (resonant frequency ∼70 kHz). The resulting graphs were processed with Gwyddion 2.5.1 SPM analysis software (www.gwyddion.net). A mean plane subtraction and 3 rd order polynomial background removal was applied. For object analysis, a 25.0 ± 0.2 nm height threshold was applied to the data and circles were fitted to the remaining islands. A list of radii was exported to MATLAB 2016a (Mathworks, Eindhoven, The Netherlands) for analysis and plotting of a size distribution histogram.
Results and discussion

Monolayer formation and characterization
To optimize the monolayer formation, different concentrations of carboxydecyl phosphonic acid (CDPA) were tested and the resulting CDPA monolayers analyzed using IRRAS to evaluate the surface coverage, molecular ordering, and the configurations of the carboxyl groups. Spectra recorded for stainless steel substrates functionalized with CDPA (1 mM solution), as well as for CDPA powder, are presented in Fig. 4a . Bands assigned to the anti-symmetric CH 2 stretch were found around 2914 cm −1 for all tested CDPA concentrations (see ESI 5 †). These anti-symmetric CH 2 stretch bands are typically found between 2914 and 2930 cm −1 , and their exact values reflect the packing density of the monolayer. Low values, as observed here, suggest densely packed monolayers displaying a short-range inter-chain monolayer ordering. 47, 48, [53] [54] [55] [56] In all samples, the carboxyl band was detected at ∼1720 cm −1 , which is attributed to acyclically dimerized carboxyl groups, 57 i.e., hydrogen-bonding dimerization with nearest neighbors. Higher absorption frequencies for this band (towards 1740 cm −1 ) indicate non-hydrogen-bonded species, and therefore a less dense monolayer. Lower frequencies (∼1700 cm −1 ) would suggest cyclic dimerization as a result of multilayer formation. In the 1700-1740 cm −1 region, peak broadening was observed in the substrates functionalized with 0.1 and 10 mM solutions (see ESI 5 †), indicating a lesser degree of ordering than for the substrates prepared with a 1 mM solution. The baseline across the relative samples revealed that the signalto-noise ratio for the substrate prepared with a 1 mM solution was also significantly improved compared to the other samples. Therefore, on the basis of these results, further experiments were conducted using a 1 mM CDPA solution for the 1 st step functionalization of the stainless steel substrates. After each surface modification step (oxygen plasma treatment, CDPA functionalization, antibody modification), the substrates were also analyzed using XPS (Fig. 4b) . Integration of the peak surface areas provides quantitative information about the proportion of elements found on the substrate. After O 2 plasma (black line, Fig. 4b ), relatively little carbon (C 1s signal at ∼285 eV) was found on the stainless steel substrates, and this corresponds to adventitiously adsorbed carbon. A significant oxygen peak (O 1s peak at 532 eV) was detected as a result of the plasma treatment. Finally, various metals were present, such as Fe 2p (710 eV) and Cr 2p (575 eV). After formation of the CDPA monolayer, the signal corresponding to carbon became more intense, and a peak appeared at 134 eV, corresponding to P 2p. Integration of these two peaks reveals a C : P ratio of 11.2 : 1, which is in excellent agreement with the theoretically expected 11 : 1 ratio according to the molecular formula of CDPA (Fig. 4c) . Carbon atoms experiencing different electronic environments are characterized by different binding energies, and CDPA molecules comprise carbon atoms in three distinct environments, as depicted in Fig. 4c . The C atom in the carbonyl group is observed at ∼289 eV; the phosphorous-bound carbon at ∼286.2 eV; and the alkyl chain carbon atoms at 285 eV. Integrating these different C 1s signals yields a ratio of ∼8.8 : 1.1 : 1, which is again in good agreement with the molecular structure of CDPA (9 : 1 : 1).
After formation of the monolayer (red line, Fig. 4b ), signals originating from the metal elements decreased by a factor of ∼1.5, indicating successful coverage of the surface by the CDPA monolayer. Using these XPS data, the monolayer thickness can be derived, together with the tilt angle of the CDPA molecules on the surface. The thickness (t) of the CDPA layer was calcu- ), this monolayer thickness corresponds to a tilt angle of 20 ± 10°, which supports the IRRAS data that suggested the formation of a densely packed and ordered monolayer. Finally, after antibody conjugation (Fig. 4b, blue line) , an N 1s signal appeared at 400 eV. The metal signal was further attenuated, which can be accounted for by the formation of a thicker layer on the substrates due to the size of the antibody molecules, which is in the same order of magnitude as the probing depth of the technique, i.e., ∼10 nm.
Capture of LNCaP-derived EVs on antibody-conjugated stainless steel substrates and uncorrelated analysis
The antibody-conjugated surfaces were incubated with an EpCAM-positive tdEV sample prepared from LNCaP culture medium, and subsequently imaged with SEM to demonstrate their ability to immuno-capture tdEVs. As shown in Fig. 5a , tdEVs were successfully and specifically captured on the antibody-conjugated stainless steel surfaces, onto which quasi-spherical objects in the 100 nm -1 μm size range were identified. In contrast, in negative controls, for which one step of surface functionalization was omitted or which were not exposed to tdEV sample (see Table ESI 1, and Fig. ESI  6 †) , nothing was captured in the surface (Fig. 5a ). Collectively, this experiment demonstrates the ability of our antibody-functionalized stainless steel substrates to successfully capture tdEVs.
As a next step, the same substrates, after capture of the tdEVs, were analyzed using Raman spectroscopy and AFM imaging. Hyperspectral Raman images were acquired on 30 μm × 30 μm ROIs (64 × 64 pixels), and analyzed using PCA in the spectral region between 2700 to 3200 cm −1 that contains the most intense peaks. EVs were identified as regions with Fig. 4 Chemical characterization of the stainless steel surfaces after the different surface modification steps. a) IRRAS spectra (which are background corrected) of CDPA monolayers prepared on SS316L stainless steel substrates using a 1 mM CDPA solution (blue trace) and CDPA powder (red trace). b) XPS spectra recorded after the various surface modification steps, as depicted in Fig. 2 . Wide range scans acquired on a O 2 plasma-treated stainless steel substrate (SS, black trace), a stainless steel substrate functionalized with a CDPA monolayer (SS + CDPA, red trace); and after antibody conjugation on the CDPA monolayer (SS + CDPA + AB, blue trace). c) C 1s narrow scan showing fitted peaks corresponding to the different carbon species found in a CDPA molecule (inset). pixels of high intensity values in certain scores. Such pixels were next segmented and used not only as a mask to identify the locations corresponding to EVs in all the images, as depicted in the inset of Fig. 5b , but also to compute a mean Raman spectrum for EVs, as presented in Fig. 5b . This spec-trum comprises a characteristic lipid-protein band at 2850-2950 cm −1 , and a clear peak at 2851 cm −1 that corresponds to the CH 2 symmetric stretch of lipids. 60 Finally, AFM images were used for quantitative analysis of the captured EVs. In five considered areas of 50 μm × 50 μm, a total of 5.4 × 10 3 tdEVs were detected, which corresponds to a surface density of 4.3 × 10 5 tdEVs mm −2 . These objects presented a size range of 54 to 3840 nm and an average diameter of 101 ± 111 nm, and Fig. 5c shows the particle distribution up to 0.7 μm, since most of the particles were found in the 0-0.7 μm range. Noteworthy, the particle size distribution and average size as determined by AFM were overall in good agreement with data obtained using nanoparticle tracking analysis (NTA), with yet a slight shift in the size distribution i.e., 167 ± 91 nm (see ESI 4 † and Fig. 5c, blue line) . The difference observed can be accounted for by the lower detection limit of the latter technique, or by shrinking of the EVs due to dehydration before multi-modal analysis. 51, 61 Multi-modal analysis using SEM, Raman and AFM imaging
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Finally, tdEVs captured on functionalized stainless steel substrates were analyzed successively using SEM, Raman and AFM imaging for their multi-modal characterization, and this last series of analysis was performed after fabrication of navi-gation markers on the stainless steel substrates. To identify interesting ROIs, the samples were first analyzed with SEM at a low resolution. It should be noted that for this first step of SEM imaging, the ROIs were not extensively exposed to the electron beam to avoid electron beam-induced deposition of amorphous carbon, 62 which would hinder later analysis by Raman spectroscopy. Next, the distance between the measured location and the nearest set of markers was noted so as to find back the same region in the different imaging techniques. Following this, the same ROIs on the surface were successively imaged using hyperspectral Raman spectroscopy and SEM to characterize the EV size and morphology. Similarly, and with the help of the navigation markers, the ROIs were traced back and imaged with AFM.
A key element in this multi-modal analytical process is the presence of navigation markers: due to their varying pitch, size and shape, each location in the sample region, as defined by the microchannel in the last PDMS device, can be matched to a unique combination of markers to assign spatial reference points to a ROI. This reference enables to retrieve objects of interest after transferring the stainless steel substrates between different instruments. Fig. 6 presents the images of this multi-modal analysis, for the individual techniques as well as overlaid images. Noteworthy, a very good correlation exists between the images acquired with the individual techniques, with similar patterns observed in all 3 techniques ( Fig. 6c, f, and i) . Surprisingly, SEM imaging (Fig. 6a) revealed the presence of two types of particles, which could easily be distinguished based on their morphology and size: on one hand, small and elongated objects with an aspect ratio of approximately 1 : 7, and, on the other hand, compact, solidified crystalline particles with irregular shapes and well-defined edges, and with a height comparable to their lateral size. The larger particles were identified as cyanoacrylate glue particles, while the smaller particles were captured tdEVs, which was confirmed by Raman imaging (vide infra). Glue particles are presumably created upon release of the last PDMS device used to fabricate the navigation markers. In SEM, tdEVs present a much lower contrast than glue particles due to differences in molecular density.
Multivariate analysis of the Raman data by PCA performed in the high frequency region (2700 and 3200 cm −1 ) as before confirms the presence of distinct populations of objects on the stainless steel substrates, whose Raman profile was distinct enough, as observed from the loading vectors PC3 (for tdEVs) and PC1 (for glue particles), respectively, in Fig. 6d and g. Measurements were conducted here on single EVs captured on the surface, and the signal-to-noise ratio was better in the high frequency region, which was therefore solely considered for data analysis. Yet, it allowed distinguishing tdEVs from other particles. As before, a clear Raman peak was found in the PC3 (Fig. 6d ) loading at 2851 cm −1 , which corresponds to the CH 2 symmetric stretch of lipids, and a lipid-protein band between 2850 and 2950 cm −1 , which is characteristic of EVs. These bands were absent in the PC1 loading, and are indeed not expected for cyanoacrylate (glue) particles. In contrast, the PC1 loading (Fig. 6g ) presented a CH stretching region with a prominent peak at 2944 cm −1 and a CN stretching region with a peak at around 2247 cm −1 , which are both characteristic of cyanoacrylate glue. 63 It is worth noticing that the optical contrast of the images of scores is superior to the electron contrast in the SEM images, which clearly highlights the added value of correlative SEM-Raman imaging. The Raman images of the PC3 and PC1 scores in Fig. 6e and h reveal the respective distribution of the EVs and glue particles.
As a last analytical modality, AFM was employed to characterize the objects captured on the surface. Although AFM is typically slower than SEM, its resolution is higher, which allows detecting both more and smaller particles compared to the two other techniques. The resolution of particles below 0.5 μm in SEM is complicated by the low contrast in absence of gold coating of the sample, whereas if became apparent only from AFM analysis that the majority of particles is in fact smaller than 120 nm (see Fig. 5c ). Moreover, AFM provides quasi-3D morphological information, which is of great interest to characterize the height of the captured EVs. Given also the low contrast in SEM due to the low acceleration voltages, the AFM data is altogether more suitable for studying the size distribution of captured EVs (Fig. 5c ). Fig. 6b presents an AFM image corresponding to the previously discussed Raman and SEM images, and Fig. 6c an overlay image of the AFM and SEM data, showing good agreement between the data acquired by both techniques. In future studies, AFM could also be considered to examine the mechanical properties of the captured EVs (e.g., by nanoindentation 64 ).
Altogether, data acquired by AFM are fully in line with both Raman and SEM data, and they all demonstrate the specific capture of tdEVs by the covalently bound antibodies on the stainless steel substrates.
Conclusion
We reported here a platform for the selective capture of tumor derived EVs (tdEVs) followed by their multi-modal analysis using SEM, Raman and AFM imaging to correlate size, morphological and chemical information at the individual EV level. Stainless steel, selected here for its suitability for all three imaging techniques, was first chemically modified with a CDPA monolayer onto which anti-EpCAM antibodies targeting tumor-derived EVs were immobilized. IRRAS and XPS characterization of the CDPA-functionalized surfaces revealed a densely packed and well-ordered monolayer, and XPS confirmed proper immobilization of the antibodies. Furthermore, EVs isolated from LNCaP prostate cancer cell lines were successfully captured on the antibody-conjugated stainless steel substrates, and successively analyzed using Raman spectroscopy, SEM and AFM. The integration of navigation markers on the stainless steel substrates after EV capture was instrumental here to track back individual EVs between the different analytical techniques. However, their fabrication using cyanoacrylate injected in patterned PDMS channels resulted in the creation of glue particles, which were detected together with the EVs. In future work, therefore, such navigation markers should be machined in the substrate and not onto the substrate to alleviate these contamination issues. Nonetheless, good agreement was found between the three techniques considered here, with excellent overlay of the images acquired by the individual modalities.
As a proof of concept, in this paper, tdEVs isolated from cancerous cell lines were captured and analyzed. As a next step, the same platform will be challenged with more complex samples, such as blood samples, after implementation of anti-fouling moieties, e.g., based on polyethylene glycol. Furthermore, the proposed multi-modal approach can easily be expanded in the future to other optical (e.g., confocal fluorescence microscopy or infrared spectroscopy), electron (e.g., energy-dispersive X-ray spectroscopy) and probe (e.g., force spectroscopy) microscopy techniques as well as other analysis techniques, e.g., surface plasmon resonance (SPR) and mass spectroscopy (MS).
